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Abstract: Cryphonectria is a fungal genus associated with economically significant disease of trees. 

Herein we characterized a novel double-stranded RNA virus from the fungal species Cryphonectria 

naterciae, a species unexplored as a virus host. De novo assembly of RNA-seq data and Sanger se-

quencing of RACE (rapid amplification of cDNA ends) clones gave the complete, non-segmented 

genome (10,164 bp) of the virus termed Cryphonectria naterciae fusagravirus (CnFGV1) that was 

phylogenetically placed within the previously proposed viral family Fusagraviridae. Of 31 field-

collected strains of C. naterciae, 40% tested CnFGV1-positive. Co-cultivation resulted in within-spe-

cies transmission of CnFGV1 to virus-free strains of C. naterciae. Comparison of the mycelium phe-

notype and the growth rate of CnFGV1-infected and virus-free isogenic strains revealed frequent 

sectoring and growth reduction in C. naterciae. Co-culturing also led to cross-species transmission 

of CnFGV1 to Cryphonectria carpinicola and Cryphonectria radicalis, but not to Cryphonectria parasitica. 

The virus-infected C. naterciae and the experimentally infected Cryphonectria spp. readily transmit-

ted CnFGV1 through asexual spores to the next generation. CnFGV1 strongly reduced conidiation 

and in some cases vegetative growth of C. carpinicola, which is involved in the European hornbeam 

disease. This study is the first report of a fusagravirus in the family Cryphonectriaceae and lays the 

groundwork for assessing a hypovirulence effect of CnFGV1 against the hornbeam decline in Eu-

rope. 
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1. Introduction 

Viruses are the most common and abundant biological entities on earth, but so far 

only around nine thousand virus species have been formally described [1, 2]. RNA viruses 

comprise a major part of the known global virome, but our knowledge of the biodiversity 

of RNA viruses comes largely from those viruses that can be cultured and that act as 

agents of disease in humans or economically important animals and plants. In the last 

decade, however, metagenomic studies have resulted in the identification of viruses in all 

taxonomic groups, including invertebrates [3], insects [4, 5], or fungi [6–8]. In fungi, thus, 

the list of new mycovirus strains has been expanded in recognized families [9], or new 

families have been proposed (e.g., Alternaviridae [10], Fusariviridae [11, 12], and Fusa-

graviridae [13]). Fungi typically host viruses with double-stranded (ds) RNA or single-

stranded (ss) RNA genomes [14], and only a few circular ssDNA mycoviruses have pres-

ently been confirmed [15–17].  
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Some fungi of the ascomycetous genus Cryphonectria can cause important disease in 

tree species native to temperate regions of the Northern Hemisphere, particularly in chest-

nut (Castanea), oak (Quercus) [18, 19], and hornbeam (Carpinus) [20]. Cryphonectria species 

have a pronounced regional distribution, e.g., C. naterciae is until today only known from 

Mediterranean Basin (Portugal [21] and Algeria [22]), and C. carpinicola from Central Eu-

rope and the Caucasus mountains. The best-studied species is Cryphonectria parasitica, 

which has spread as an alien invasive species in North America and Europe beyond its 

natural distribution range in East Asia after its displacement by human activity in the 20th 

century [23]. An infection of chestnut trees with C. parasitica results in the blight disease 

that is associated with extensive bark necrosis on stem and branches. On the highly sus-

ceptible American chestnut (Castanea dentata) and European chestnut (C. sativa), the ne-

crotic canker enlarges rapidly and girdles the affected stem or branch until its death [24]. 

Because of the blight disease, the American chestnut was almost entirely extinct as an 

important forest tree species in North America.  

The disease epidemic in Europe took however a milder course, and recovery from 

the blight disease has been observed in many chestnut growing areas [23]. This recovery 

is associated with a viral disease in C. parasitica caused by Cryphonectria hypovirus 1 

(CHV1), which belongs to the family Hypoviridae [25, 26]. CHV1 reduces the impact of the 

blight disease by inducing hypovirulence, which is characterised by decreased growth, 

sexual and asexual sporulation capacity of C. parasitica [27, 28]. Hypovirulence turned out 

to be a particularly promising chestnut blight management system because it enables ther-

apeutic treatments of infected chestnut trees [24, 28]. Since the discovery of the virus-in-

duced hypovirulence in C. parasitica great interest sparked off in fungal viruses that may 

help to manage plant diseases. This is also true for this investigation, which aims first at 

unravelling the nature of dsRNA detected in Cryphonectria naterciae, which is hypothe-

sised to be involved in cork oak decline, affecting Portugal and wide areas along the Med-

iterranean Basin [22, 29]. Cryphonectria naterciae was accidently discovered during sam-

pling campaigns for the chestnut blight disease in the Midwest of Portugal in 2005 [21] 

(Figure 1). Some field samples exhibited a peculiar morphology different from that of the 

etiological agent of the blight disease (i.e., C. parasitica), but similar to other isolates col-

lected from Quercus suber, preserved in the working culture collection of the Portuguese 

Instituto Nacional de Investigação Agrária e Veterinária IP. (former INRB IP.). During the 

characterisation of this new fungal species, dsRNA was detected in several isolates of C. 

naterciae, potentially indicating the presence of a fungal virus.   

Mycoviruses typically have no extracellular phase for entering new hosts and are 

hence transmitted horizontally via hyphal fusion and vertically at variable frequencies via 

asexual and sexual spores [30]. The recognition process between vegetative hyphae is 

however under control of a vegetative incompatibility (vic) system that generally involves 

several vic genes [31–33]. Stable hyphal fusion is only formed if identical alleles are present 

at all vic loci, then mycoviruses are rapidly transmitted between fungal strains. Upon con-

tact of incompatible hyphae, the reaction between heteroallelic vic gene proteins induces 

a programmed cell death, thus preventing cytoplasmic exchange [34]. This non-self-recog-

nition process protect the genetic integrity of the fungal mycelium and restricts the trans-

mission of deleterious cytoplasmic elements, such as viruses.  

Liu et al. [35] demonstrated however that the virus CHV1 was transmitted from C. 

parasitica to C. nitschkei naturally in plant in East Asia as well as in vitro by pairing experi-

ments, but not Cryphonectria nitschkei chrysovirus 1 (CnCV1) [36] under the same con-

ditions. Recently, Shahi et al. [37] expanded those experiments in vitro and showed that 

the chrysovirus CnCV1 is in fact able to infect other Cryphonectria species than C. parasitica. 

Cross-species virus transmission aroused our interest because C. naterciae occurs in Por-

tugal sympatrically on the European chestnut together with the invasive C. parasitica [21]. 

Two additional Cryphonectria species, i.e., C. radicalis and C. carpinicola, are known to occur 

in Europe and potentially undergo cross-species virus transmission. Phylogenetic study 

has shown that these two species are closely related to C. naterciae, while C. parasitica be-

longs to another clade together with other Asian species [20, 38].  
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We report here the first Fusagraviridae candidate virus in the ascomycetous family 

Cryphonectriaceae. The virus was detected in several isolates of Cryphonectria naterciae, 

collected in Portugal from chestnut and cork oak between 1960 and 2015. The virus des-

ignated as Cryphonectria naterciae fusagravirus 1 (CnFGV1) is composed of a non-seg-

mented dsRNA genome with two open reading frames (ORFs) and able to cross the in-

compatibility barrier and to infect persistently C. naterciae and other Cryphonectria species. 

In addition, CnFGV1 was found to severely reduce the fitness in the experimentally in-

fected C. carpinicola—which is the etiological agent of the European hornbeam disease 

[20]. The data obtained indicated that CnFGV1 is a potential biological control agent 

against C. carpinicola and possibly against other Cryphonectria species. 

 

Figure 1. Collection sites and in plant habit of Cryphonectria naterciae. (A) Map section of Western-

Central Europe (framed) and magnification of Portugal (grey). Shown are the collection sites of the 

three specimens analysed by RNA-seq. (B) Removal of the cork bark (asterisk) revealed beneath 

the yellow to orange mycelium of C. naterciae. (C) Small stem segment of the European chestnut 

inoculated with an agar plug of C. naterciae, showing yellow mycelium breaking through the bark.   

2. Materials and Methods 

2.1. Fungal isolates 

Thirty-one isolates of C. naterciae, collected in Portugal, were used in this study. Of 

the 31 isolates, 10 were obtained from Castanea sativa and 21 from Quercus suber (Table 1). 

For the cross-species dsRNA transmission experiments, two isolates of C. carpinicola, two 

of C. radicalis and three of C. parasitica from own collection activity were used (Supple-

mentary Figure S1). The isolates were cultivated on potato dextrose agar (PDA). Har-

vested mycelium was transferred to 2 ml Eppendorf tubes and frozen, then lyophilized 

and stored at -20 °C for downstream analysis.  

2.2. Viral detection and RNA-seq 

CnFGV1 genomic dsRNA was extracted using the Double-RNA Viral dsRNA Extrac-

tion Mini Kit (iNtRON Biotechnologies, South Korea) and electrophoresed on a 1.5 % 

(w/v) agarose gel. Potentially present fungal DNA and ribosomal RNA were eliminated 

treating the extracts with both enzymes dsDNase and S1 Nuclease (Thermo Fisher Scien-

tific, Waltham, Massachusetts, U.S.A.). A subset of three dsRNA extracts (M10535, 

M10544, and M10545) was subjected to RNA-seq using the TruSeq RNA Sample Prep Kit 

(Illumina, San Diego, California, U.S.A.) and sequenced on an Illumina MiSeq v2 (Micro-

synth AG, Balgach, Switzerland). De novo assembly of reads was carried out using Trinity 

v2.6.5 [39]. The obtained contigs were aligned using CLC Main Workbench v7 (CLC bio, 

Qiagen Digital Insights, Hilden, Germany) and subjected to searches using the ORFfinder 

resource of NCBI (https://www.ncbi.nlm.nih.gov) and the BLASTp suite of the UniProt 

portal (v 2.9.0+; https://www.uniprot.org).  
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Table 1. Strains of the genus Cryphonectria used in this study. 

Species Host Sample-ID 1 Collection-ID 2 Country Year CnFGV1-detection 3 Reference 

C. naterciae  Quercus suber C0084 M10535 Portugal 1960 Positive [21]  

Q. suber C0197 M10536 Portugal 2010 Positive This study 

Q. suber C0605 M10537 Portugal 2001 Negative [21]  
Q. suber C0606 M10538 Portugal 2001 Negative [21] 

Q. suber C0607 M10539 Portugal 2001 Negative [21]  
Q. suber C0608 M10540 Portugal 2000 Negative [21] 

Q. suber C0610 M10541 Portugal 2000 Positive [21] 

Q. suber C0611 M10542 Portugal 2001 Negative [21] 

Q. suber C0612 M10543 Portugal 2001 Negative [21] 

 Q. suber C0613 M10544 Portugal 2005 Positive [21] 

Q. suber C0614 M10545 Portugal 2005 Positive [21] 

 Q. suber C0749 M10557 Portugal 2014 Negative This study 

 Q. suber C0750 M10558 Portugal 2014 Negative This study 

 Q. suber C0751 M10559 Portugal 2014 Positive This study 

 Q. suber C0752 M10560 Portugal 2014 Positive This study 

 Q. suber C0753 M10561 Portugal 2014 Positive This study 

 Q. suber C0754 M10562 Portugal 2015 Negative This study 

 Q. suber C0755 M10563 Portugal 2011 Negative This study 

 Q. suber C0756 M10564 Portugal 2014 Positive This study 

 Q. suber C0757 M10565 Portugal 2015 Positive This study 

 Castanea sativa C0679 M10546 Portugal 2001 Negative [21] 

 C. sativa C0682 M10547 Portugal 2001 Negative [21]  

 C. sativa C0683 M10548 Portugal 2001 Positive [21]  

 C. sativa C0684 M10549 Portugal 2001 Positive [21]  

 C. sativa C0685 M10550 Portugal 2001 Negative [21]  

 C. sativa C0686 M10551 Portugal 2001 Positive [21]  

 C. sativa C0687 M10552 Portugal 2001 Negative [21]  

 C. sativa C0691 M10553 Portugal 2001 Negative [21]  

 C. sativa C0692 M10554 Portugal 2001 Negative [21]  

 C. sativa C0704 M10555 Portugal 2001 Negative [21]  

 C. sativa C0705 M10556 Portugal 2001 Negative [21]  

C. carpinicola Carpinus sp. Au1 M9290 Austria 2009 Negative [20]  

 Carpinus betulus  M9615 Switzerland 2019 Negative [20]  

C. parasitica C. sativa TI 17-3x M2372 Switzerland 1992 Negative [40] 

 C. sativa VS 6-1m M2671 Switzerland 1992 Negative [40] 

 C. sativa Bia 17B M4023 Switzerland 2000 Negative [41] 

C. radicalis C. sativa Cop 26-5 M2270 Switzerland 1996 Negative [42] 

 C. sativa 1.7G M4733 Switzerland 2001 Negative This study 
1 C = Working Culture Collection of Cryphonectria of the Mycology Laboratory of Instituto 

Nacional de Investigação Agrária e Veterinária (INIAV IP.), Oeiras, Portugal. 
2 M = Culture collection of the Phytopathology Group ,Swiss Federal Institute for Forest, Snow and 

Landscape Research (WSL), Birmensdorf, Switzerland. 
3 According to dsRNA-extraction, cDNA synthesis and PCR with specific ORF1-Primer.  

2.3. Specific viral primer and RT-PCR 

To verify the presence of the dsRNA element in the wild type fungal isolates that 

were not subjected to RNA-seq, cDNA was synthetised using dsRNA extracts with a ran-

dom primer mix (Maxima First Strand cDNA Synthesis Kit for RT-qPCR; Thermo Fisher 

Scientific), followed by conventional PCR based on highly specific primer. Thus, two pri-

mer pairs were designed for both ORF1 and ORF2 regions based on RNA-seq contigs 

(Supplementary Table S1). To exclude unspecific binding on fungal DNA, the primer 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 September 2021                   doi:10.20944/preprints202109.0325.v1

https://doi.org/10.20944/preprints202109.0325.v1


 

specificity was first evaluated in silico using the Primer-BLAST option ‘fungi (taxid:4751)’ 

in the NCBI-suite. In vitro tests used fungal DNA extracts and cDNA of dsRNA-positive 

and dsRNA-negative C. naterciae strains as well as a PCR temperature gradient and fungal 

primer for the tef gene [43] to survey the possible presence of fungal DNA (Supplementary 

Figure S2). The nature of PCR amplicons produced with Cn-Vir-ORF1 and Cn-Vir-ORF2 

was verified by Sanger sequencing using the BigDye Terminator v3.1 Cycle Sequencing 

Kit (Thermo Fisher Scientific). Once the specificity of the new primer was confirmed, 

dsRNA presence was verified after horizontal and vertical transmission experiments by a 

rapid one step RT-PCR method using the Cn-Vir-ORF1-primer and PrimeScript OneStep 

RT-PCR v2 (Takara Bio Europe SAS, Saint-Germain-en-Laye, France) as described previ-

ously [44].  

2.4. Genome terminal sequences and phylogeny 

CnFGV1 dsRNA of the strain M10544 was used as template to determine both 5’ and 

3’ terminal sequences using the RNA-ligase-mediated rapid amplification (RLM-RACE) 

method as described previously [45]. Outer and inner primer are listed in the Supplemen-

tary Table S1. The obtained sequence contigs were assembled with the RNA-seq contig of 

M10544 by CLC Main Workbench. Amino acid matrices of the full genome contig of 

M10544 together with the most closely related viral species recognized by BLASTp (Sup-

plementary Data s2) were subjected to calculation of the best fitting substitution model 

[46] and maximum likelihood tree reconstruction as implemented in PhyML v3.0 [47, 48]. 

Genetic diversity within the family Fusagraviridae was assessed by Neighbor Joining 

analyses of the ORF1 and ORF2 amino acid sequences, including bootstrapping of 1,000 

replicates in SplitsTree v4 [49]. 

2.5. SSR-PCR of Cryphonectria naterciae 

To discriminate genetically each isolate of C. naterciae individually prior and subse-

quent to pairing experiments, a genotyping assay based on simple sequence repeats (SSR) 

was developed, which has a firm place as diagnostic tool for non-model organisms [50]. 

Unassembled reads of genomic sequencing data of C. naterciae, developed previously in 

our lab [38, 51], was screened using msatcommander v1.0.8-beta [52] that searches for re-

petitive motifs and designs primer. The loci Cn-Msat6 and Cn-Msat10 were selected for 

genotyping, which exhibited three and four polymorphic alleles, respectively. PCR reac-

tion was designed using the FAM-labelled M13-tail [53] (Supplementary Table S1). 

2.6. Horizontal CnFGV1 transmission and isogenic strains 

To test whether transmission of CnFGV1 occurs among C. naterciae strains and be-

tween different Cryphonectria species, we co-cultivated on PDA three dsRNA-positive 

strains (M10535, M10544, and M10545) with intraspecies and cross-species recipient 

strains that were previously verified dsRNA-free by dsRNA extraction as described 

above. In contrast to the model organism C. parasitica, nothing is known about the incom-

patibility genetic system in C. naterciae, therefore, during co-cultivation experiments phe-

notypic reactions were monitored and documented by photographs. Two inocula from 

the sector of the recipient culture and one from the donor culture were sub-cultivated for 

4–5 days and the presence of CnFGV1 was tested by RT-PCR. 

To obtain isogenic strains, CnFGV1 was transferred from the experimentally infected 

sub-cultures in two sequential rounds to the corresponding virus-free wild type strain by 

co-cultivation. Potential karyon transmission between C. naterciae strains was checked by 

genotyping the SSR-loci Cn-Msat6 and Cn-Msat10 prior to co-cultivation and subsequent 

to the transmission experiments. On the other hand, cross-species homokaryotic strains 

were verified by observing the mycelium morphology and barcoding the ITS rRNA region 

(ITS1/ITS4 [54]) subsequent to the virus transfer. In all strains, the presence of CnFGV1 

was confirmed by RT-PCR.  
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2.7. Effects on the fungal fitness 

An important question of this study was to detect hypovirulence effect on newly in-

fected Cryphonectria strains. Thus, to detect a possible change of the fungal fitness, we 

assessed (i) alterations of the mycelial growth rate and morphology as well as (ii) the abil-

ity to produce conidia spores and the rate of virus transmission into conidia spores. Thus, 

isogenic CnFGV1-infected and CnFGV1-free strains of C. naterciae, C. carpinicola and C. 

radicalis were grown at 25 °C on PDA agar plates and their growth rates were monitored 

every 2 days. To do so, a round agar plug (diam. 5 mm) was inoculated on the centre of 

each plate, and three replicate plates were made for each fungal strain. The effect of 

CnFGV1was interpreted as the percentage growth difference between the virus-infected 

and virus-free isogenic strains and statistical significance was assessed with a t-test per-

formed in Microsoft Excel v16.46.  

To induce the asexual spore formation, wild type M10535, M10544, and M10545 of C. 

naterciae and representative experimentally virus-infected isogenic strains of C. carpinicola 

and C. radicalis and their wild type strains M2270, M4733 and M9290 were cultivated on 

PDA plates in triplicates under a 12 hours light/dark regime for a period of 15–20 days at 

25 °C. Fifty single spore cultures per strain were grown on PDA for phenotypic observa-

tion and for testing the CnFGV1 transmission by RT-PCR.  

2.8. Effect of CnFGV1-infection on the fungus-plant interaction 

To assess the influence of CnFGV1 on the in-tree growth of C. naterciae, six virus-

infected and six virus-free isolates were inoculated on stems of one-year old seedlings of 

the cork oak (Quercus suber) and six-months old seedlings of chestnut trees (Castanea sa-

tiva) of Portuguese provenance. The virus-infected strains included three strains (M10535, 

M10544, and M10545) isolated from Q. suber and three from C. sativa (M10548, M10549, 

and M10551). Likewise, three virus-free strains were from Q. suber (M10537, M10539, 

M10543), and three from C. sativa (M10546, M10550, M10556). Each strain was inoculated 

into three seedlings of each tree species. Stem lesions and fungal sporulation were as-

sessed regularly during a period of 18 months. Sporulation of the isolates was recorded 

as the presence or absence of fungal pycnidia on each lesion. Two tailed Fisher’s exact test 

was used to assess significant differences (p < 0.05) in conidiation and necrosing between 

CnFGV1-positive and CnFGV1-negative isolates as well as between the tree species.  

3. Results 

3.1. dsRNA represents a non-segmented genome of a novel virus encoding the conserved RdRp 

domain 

Of 31 C. naterciae strains screened by dsRNA extraction, 13 (10 ex Q. suber; 3 ex C. 

sativa) exhibited one dsRNA segment of c. 10 kb by agarose gel electrophoresis (Supple-

mentary Figure S3). This segment was confirmed resistant to DNase and S1 nuclease, in-

dicating its double-stranded nature (Figure 2A). The nucleotide polymorphism was ana-

lysed in a 958 nt long alignment of concatenated ORF1 and ORF2 sequences to compare 

the genetic variability of CnFGV1 detected in C. naterciae from chestnut and oak trees. A 

Neighbor Joining tree confirmed the closely relationship between viral strains inde-

pendently from the tree species (Figure 2B). 
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Figure 2. Characterisation of dsRNA extracted from Cryphonectria naterciae. (A) Agarose gel elec-

trophoresis of dsRNA used for RNA-seq before (left) and after (right) DNase and S1 nuclease 

treatment. ZR1: 10, 5, 3kb; ZR2: 20, 7, 4, 2.5kb, Thermo Scientific ZipRuler Express DNA Ladder 

Set (SM1373). (B) Unrooted Neighbor Joining tree of a 958nt alignment including concatenated 

sequences of ORF1 and ORF2. Bold labels highlight strains associated with C. naterciae from Quer-

cus suber, the others from Castanea sativa. Numbers represent bootstrapping rate of 1,000 replicates. 

De novo assembly of RNA-seq data gave one-segment contigs for each of the three 

specimens M10535, M10544, and M10545 (Supplementary Table S3). However, the contig 

of M10545 exhibited deletions close to the 5’-end compared with the contig of M10544 

(Supplementary Figure S4). For this reason, RLM-RACE used dsRNA of M10544 to com-

plete the genome sequence, which was 10,164 nt long with ‘ACACCC’ at the 3’-end, thus 

lacking a poly(A) tail (Figure 3). Two ORFs were detected on the genomic plus strand in 

all three contigs: ORF1 is hypothesized to encode a protein of 1,770 amino acids of un-

known function, and ORF2 corresponds to an RNA-dependent-RNA-polymerase (RdRp). 

The 5’-UTR is with 757 nt much longer than the 3’-UTR of 45 nt length. 

 

Figure 3. Best matches of BLASTp searches (UniProt) and schematic genome organization of the 

new mycovirus Cryphonectria naterciae fusagravirus 1 (CnFGV1) found in the Portuguese isolate 

M10544 of Cryphonectria naterciae. The genome of CnFGV1 contains two predicted open reading 

frames (ORFs). A putative shifting heptamer sequence located at site 6,061nt upstream of the stop 

codon of the hypothetical protein ORF1 is shown in blue. 

No conserved domain was found in the putative ORF1 protein using the Conserved 

Domain Database (CDD) search (https://www.ncbi.nlm.nih.gov) (last search 22/07/2021). 
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However, a protein search at CDD confirmed that the predicted ORF2 protein contains a 

RdRp domain (RdRp_4; pfam02123; Cd length: 465), exhibiting conserved motif charac-

teristics detected in members of the proposed Fusagraviridae members in former studies 

(e.g., Fusarium poae dsRNA virus 2 and 3 [13], Trichoderma asperellum dsRNA virus 1 

[55], or Macrophomina phaseolina fusagravirus 2–5 [56]), but also in other dsRNA viral 

families, such as Colletotrichum fructicola chrysovirus 1 [57] or Macrophomina 

phaseolina chrysovirus 2 RNA1 [56]. The similarity in the RdRp region supported addi-

tionally that the M10544-dsRNA is a dsRNA fusagravirus. Moreover, the genome se-

quence analysis showed a putative shifting heptamer sequence ‘AAAAAAC’ located up-

stream of the stop codon of the hypothetical protein ORF1 (Figure 3).  

3.2. ORFs were phylogenetically placed within the proposed family Fusagraviridae  

Amino acid sequences of M10535, M10544, and M1054 matched best with Fusarium 

virguliforme dsRNA mycovirus of the proposed family Fusagraviridae [13] in the UniProt 

database (Supplementary Table S4). Thus, the mycoviral dsRNA detected in C. naterciae 

strains was tentatively named Cryphonectria naterciae fusagravirus 1 (CnFGV1) and the 

complete genome sequence of M10544 was submitted to GenBank (MZ736512). Phyloge-

netic analyses used amino acid alignments resulting from BLASTp searches of the ORF1 

and ORF2 sequences separately (Figure 4). CnFGV1 is clearly included in the family Fusa-

graviridae closely related to Fusarium virguliforme dsRNA mycovirus [58] and Tricho-

derma atroviride mycovirus [59]. The most likely tree grouping together CnFGV1 and all 

to date published representatives of the proposed family Fusagraviridae was highly sup-

ported (98%) in relation to insect viruses as outgroup species (such as the Wuhan insect 

virus 28 from an undetermined insect species [3], or the Fitzroy Crossing toti-like virus 2 

from the mosquito Culex annulirostris [60]) (Supplementary Figure S5).  

 

Figure 4. Phylogenetic analyses of amino acid alignments resulting from ORF1- and ORF2-

BLASTp searches of the new mycovirus Cryphonectria naterciae fusagravirus 1 (CnFGV1). Blue 

letters highlight the phylogenetic position of CnFGV1 in both Neighbor Joining trees. Names and 

UniProt accession numbers of related fusagraviruses included in the analyses are indicated in the 

trees. The numbers at nodes are values of > 50% of 1,000 bootstrap replicates. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 September 2021                   doi:10.20944/preprints202109.0325.v1

https://doi.org/10.20944/preprints202109.0325.v1


 

3.3. CnFGV1 was able to infect new hosts beyond the incompatibility and species barrier  

Within-species transmission occurred in 30 of 36 pairings of C. naterciae strains (Table 

2), even if a vegetative incompatibility reaction could be clearly observed between some 

isolates. The ability to replicate stably in new hosts was confirmed by sub-cultivating the 

recipient strains followed by virus detection by RT-PCR (Figure 5). 

Table 2. Results of the horizontal transmission of CnFGV through co-cultivation of donor and 

recipient Cryphonectria strains. The numbers indicate number of successful virus transmissions / 

number of trials. Bold numbers highlight incompatibility among isolates of C. naterciae. 

   Donor 

   Cryphonectria naterciae 

 Recipient Isolate-ID M10535 M10544 M10545 

Within-species tests C. naterciae M10542 2/3 3/3 3/3 

  M10547 2/3 3/3 3/3 

  M10550 0/3 2/3 3/3 

  M10562 1/3 3/3 3/3 

Cross-species testsc C. carpinicola M9290 0/10 0/10 2/10 

  M9615 0/10 0/10 0/10 

 C. radicalis M2270 0/10 1/10 1/10 

  M4733 0/10 0/10 1/10 

 C. parasitica M2372 0/10 0/10 0/10 

  M2671 0/10 0/10 0/10 

  M4023 0/10 0/10 0/10 

 

 

Figure 5. Pairwise co-cultivation of CnFGV1-infected (+) and CnFGV1-free (–) strains of Crypho-

nectria naterciae. (A) After incubation for 10–15 days at 25°C, two inocula from the recipient side (I, 

and II) and one from the donor side (III) were sub-cultivated for 4–5 days. (B) Agarose gel-electro-

phoresis of Cn-Vir-ORF1 fragments produced to verify the virus presence. Negative controls of 

pairing tests are virus-free wild types labelled with asterisks. M: Thermo Scientific GeneRuler 1 kb 

Plus DNA Ladder (SM1334). 

When CnFGV1-positive C. naterciae and other three Cryphonectria spp. were co-culti-

vated, a very strong barrage line could be observed between the strains (Figure 6). None-

theless, the transmission of CnFGV1 succeeded into two replicates of C. carpinicola and 

three replicates of C. radicalis of totally 60 tested replicates per species. On the contrary, 

CnFGV1 was not detected in totally 90 C. parasitica replicates after pairing under the same 

conditions as the other Cryphonectria spp.  
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Figure 6. Pairwise co-cultivation of CnFGV1-infected (+) Cryphonectria naterciae and CnFGV1-free 

(–) Cryphonectria spp. (A) Donor strain in co-culture with replicate M2270-C of C. radicalis. (B) Do-

nor strain in co-culture with replicate M9290-C and M9290-H of C. carpinicola. Agarose gels below 

show Cn-Vir-ORF1 fragments of 5 (A–E) or 10 (A–J) replicates to verify the virus transmission. The 

position III is from the donor side and always CnFGV1-positive. Yellow letters highlight the posi-

tive CnFGV1-transmission to the recipient. 

3.4. CnFGV1 reduced the growth rate of newly infected hosts 

To obtain isogenic virus-free and virus-infected strains all within- and cross-species 

infected strains were co-cultivated with the corresponding virus-free wild type strain in 

two rounds. These additional virus transfers were done to exclude heterokaryons and 

mixed cultures, potentially produced during the initial virus transmission experiments. 

After successful virus transmissions, the isogenic nature of the strains was confirmed by 

SSR-PCR in C. naterciae (Supplementary Table S5), and by morphology monitoring com-

bined with ITS-barcoding in C. carpinicola and C. radicalis. Thus, possible effects of 

CnFGV1 on the growth rate of its host was assessed using these verified virus-free and 

virus-infected isogenic strains.  

While differences in the mycelium pigmentation was within a range of normal de-

velopment for cultures grown in the dark, around two thirds (7/11) of the infected C. na-

terciae strains grew slower and formed irregular mycelium morphology compared to iso-

genic wild type strains (Figure 7). This effect was observed regardless of the donor or 

recipient strain. However, in most cases the irregular growth was only partially with my-

celium sectors that continued to grow with airy, cotton-like texture and at regular rate. 

Both sectors were tested virus-infected by RT-PCR (Supplementary Figure S6).  

 

Figure 7. Morphology of isogenic strains of Cryphonectria naterciae after 7 days incubation, shown 

here by way of example the recipient strain M10562. (A) Infected from the donor M10535 with 

some sectoring at left side. (B) Infected from the donor M10544 showing an extreme sectoring with 

densely interwoven mycelium. (C) Infected from the donor M10545 with regular morphology.  

Typically, differences in growth rate started to become statistically significant after 

the fourth day and were notorious at the final measurement 7 days after inoculation 
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(Supplementary Figure S7). These growth differences were obvious in all comparisons 

and were in most cases highly significant according to t-tests (Figure 8A). In contrast to 

within-species results, the mycelium morphology of experimentally infected C. carpinicola 

and C. radicalis corresponded to that of isogenic wild types. Similarly, differences in 

growth rate were not statistically significant, excepting in one of two M9290 replicates that 

were both infected from the same donor M10545 (Figure 8B) (Supplementary Figures S8, 

S9).  

 

Figure 8. Growth rate of experimentally CnFGV1-infected and virus-free isogenic strains of Cryph-

onectria. Column height represents growth after 7 days incubation. Vertical black lines indicate the 

standard deviation of three culture replicates and vertical yellow p-numbers highlight significant 

growth differences between the virus-free and each infected strain. White p-numbers are non-sig-

nificant considering a critical value of p < 0.05. (A) Within-species CnFGV1 transmission: Com-

pared are isogenic virus-free strains (= wt) with experimentally infected recipients M10452, 

M10547, M10550, and M10562 of C. naterciae. Donor strains are a = M10535, b = M10544, c = 

M10545. Grey columns show the growth of donor strains. (B) Cross-species CnFGV1 transmission: 

Column height represents the growth of isogenic virus-free strains (dark green) or infected recipi-

ent strains C. radicalis (M2270, M4733), and C. carpinicola (M9290). Donor strains are C. naterciae 

M10544, and M10545.  

3.5. CnFGV1 was vertically transmitted at 100% to the next generation through asexual 

spores—but not so in new host species  

In order to assess the vertical transmission of CnFGV1 in wild type strains of C. na-

terciae, we tested its incidence by RT-PCR among 50 single spore progenies of each strain 

M10535, M10544, and M10545. Tests revealed a 100% transmission with all single-spore 

cultures testing CnFGV1-positive by RT-PCR (Table 3).  

Table 3. Vertical transmission of CnFGV1 in the virus donor strain and in newly infected Crypho-

nectria species. Listed are, first, donor strains that succeeded in CnFGV1 horizontal transmission. 

Then, the recipient strains, which became CnFGV1-infected. In brackets: rate of vertical transmis-

sion of CnFGV1 into conidia spores. 

  
Strain label 

(rate of vertical transmission) 

 Species Experiment I Experiment II 

Donor strain C. naterciae M10544 (50/50) M10545 (50/50) 

Recipient, isogenic line C. radicalis M2270-14II (1/50) M2270-EI (44/48) 1 

  No transmission M4733-CII (44/50) 

 C. carpinicola No transmission M9290-CII (24/50) 2 

M9290-HII (49/50) 3 
1 Of 50 single spore cultures, two did not grow.  
2 M9290-CII produced c. 1.2% conidia spores compared to 100% in the wild type culture M9290. 

Pycnidia were not visible.  
3 M9290-HII produced c.12.92% conidia spores compared to 100% in the wild type culture M9290. 

Pycnidia were not visible. 

An important question of this study was to detect a possible alteration of the fitness 

of newly infected Cryphonectria species. Thus, vertical virus transmission was also as-

sessed in 50 single spore progenies of each CnFGV1-infected C. radicalis and C. carpinicola 
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strains (Table 3). CnFGV1 was present in only 1 out of 50 single spore cultures obtained 

from the C. radicalis strain M2270-14II, which received CnFGV1 from the C. naterciae strain 

M10544. The C. radicalis strains infected with CnFGV1 from C. naterciae strain M10545 

showed much higher virus transmission rates (88% for M2270-EI, and 92% for M4733-CII). 

While the formation of pycnidia (structure for the release of asexual spores) of these 

experimentally infected C. radicalis strains was phenotypically indistinguishable from the 

wild type, both cultures M9290-CII and M9290-HII of C. carpinicola did not form visible 

pycnidia. However, pycnidia were clearly visible in the isogenic wild type strain M9290 

(Figure 9). Therefore, we harvested conidia by washing the mycelium with 2 mL water 

and counted spores in the wild type and both infected strains (i) to verify if spores were 

formed even when pycnidia were not visible, and (ii) to obtain a proxy of the produced 

spore number. Surprisingly, the conidiation level of the two CnFGV1-infected cultures 

was only 1.2% (M9290-CII) and 12.9% (M9290-HII) compared to the isogenic wild type 

strain. Additionally, their CnFGV1-transmission rate in single spore cultures fluctuated 

strongly from 98% (M9290-CII) to 50% (M9290-HII).  

 

Figure 9. Morphology of isogenic strain M9290 of Cryphonectria carpinicola after cross-species infec-

tion with CnFGV1. (A) Wild type mycelium of M9290 has formed numerous dark-orange pycnidia 

for the release of asexual spores (arrows). (B) Mycelium of the isogenic CnFGV1-strain M9290-HII 

that lacks visible pycnidia. 

3.6. In plant tests show that CnFGV1 has no major effect on the C. naterciae-tree interaction  

To investigate the possibility that CnFGV1 could affect the fungus-tree interaction, 

we inoculated seedlings of Quercus suber and Castanea sativa with CnFGV1-infected and 

virus-free wild type C. naterciae strains. Recorded were the formation of necrotic lesions 

and the production of pycnidia (asexual sporulation) by the fungus. However, differences 

between the virus-free and virus-infected C. naterciae strains were not statistically signifi-

cant according to a Fisher’s exact test. The vast majority of the inoculations did not cause 

a bark infection, and there was no difference between the two tree species. Of 36 seedlings 

inoculated with CnFGV1-infected C. naterciae strains, only one showed a small necrotic 

lesion and another one formed pycnidia. Similarly, of 36 control seedlings that were in-

fected with CnFGV1-free C. naterciae, only four seedlings showed a small necrotic lesion 

and seven formed pycnidia (Supplementary Table S6). 

4. Discussion 

The main objective of this study was to characterize the dsRNA element detected in 

the fungus C. naterciae. For this purpose, we screened a well-characterized collection of 

strains sourced from different locations in Portugal and collected in different years. This 

study revealed that 13/31 (c. 40%) of C. naterciae strains harbour a unique dsRNA virus 

named Cryphonectria naterciae fusagravirus 1 (CnFGV1). The complete CnFGV1-genome 

derived from strain M10544 consists of 10,161 nt, which possesses two ORFs—ORF1 and 

ORF2—of which ORF2 is situated in -1 frame relative to ORF1, as found for many other 

dsRNA mycoviruses within the order Ghabrivirales [13, 55-59, 61]. Amino acid sequence 

analyses showed moderate levels of sequence identity of ORF1 and ORF2 to the 
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counterparts of dsRNA viruses such as Fusarium virguliforme dsRNA mycovirus [58] 

and Trichoderma atroviride mycovirus [59] of the previously proposed viral family Fusa-

graviridae. In terms of taxonomic characteristics, CnFGV1 is consistent with features of 

fusagraviruses, including monopartite genome, -1 frameshift signal, long 5’-UTR and rel-

atively short 3’-UTR, and a conserved RdRp domain [13]. This is the first description of a 

fusagravirus in the ascomycetous family Cryphonectriaceae. 

In terms of geographic or time correlation, the presence of CnFGV1 was verified in 

unrelated fungal strains, isolated from two different tree species, collected from different 

localities in Portugal and in different years from 1960 to 2015. There was no genetic dif-

ferentiation of CnFGV1 related to the host of C. naterciae (C. sativa, or Q. suber), indicating 

that this fungus-virus association is not influenced by the tree species. Genetic distance 

analysis demonstrated that the genetic variability among viral strains is moderate. There-

fore, we consider all dsRNA elements detected in C. naterciae as belonging to the same 

virus as the representative CnFGV1 strain (genome GB accession no. MZ736512) derived 

from C. naterciae strain M10544.  

There was no correlation between the presence of CnFGV1 and the ability of C. na-

terciae to cause infection on experimentally inoculated seedlings of Q. suber and C. sativa. 

Regardless of the tree species and the presence of CnFGV1, C. naterciae induced only rarely 

necrotic lesions. This result supports a previous study that reported a low pathogenic po-

tential of C. naterciae towards European chestnut [40].  

Similarly, there were no obvious phenotypic differences between CnFGV1-free and 

CnFGV1-infected wild type strains of C. naterciae isolated from nature. However, after 

experimental transfer to new recipient strains, CnFGV1 induced physiological disruption. 

Many newly infected C. naterciae showed a debilitated growth rate when compared with 

isogenic virus-free strains. In particular, a statistically significant 4–7 days delay in the 

radial growth of most experimentally infected strains was noted. The most significant 

phenotype associated with virus infection was observed as high-density sectors of thickly 

packed hyphal mat, that stopped growing after four days incubation. Standard deviations 

of growth rates showed additionally that not all replicates were affected from sectoring. 

Some developed partially regular morphology or did not show any effects. Sectoring has 

been reported as a common symptom caused by mycoviruses due to alteration of physi-

ological and biochemical processes in fungi [27]. High-density sectors have been de-

scribed for other fungi in relation with mycovirus infection, e.g., Beauveria bassiana [62], 

Colletotrichum fructicola [57], Macrophomina phaseolina [56], or Fusarium equiseti [63], and 

have also been mentioned in the context of decreasing virus titre [64]. In contrast to other 

studies, the present work used genetically diverse fungal isolates (Supplementary Table 

S5), and we assume that different strains may respond differently to a viral invasion, 

which probably is represented in varying degree of debilitation.  

Natural cross-species transmission has been reported for the hypovirus CHV1 from 

C. parasitica to C. nitschkei, which are sympatric in the same host tree species in East Asia 

[35]. Since C. naterciae was found in Portugal on the European chestnut together with the 

invasive C. parasitica, it was of our particular interest to verify the ability of CnFGV1 to 

infect new host species. First, transmission of CnFGV1 to C. parasitica was not observed 

after co-cultivation. Failure to transmit CnFGV1 between these species could reflect the 

limited number of strains in trials (3 donors × 3 recipients, 10 replicates each). Another 

possible explanation might be a strong transmissibility barrier. Previous phylogenetic 

study [20] of the genus Cryphonectria demonstrated that C. naterciae and C. parasitica be-

long to distinct European and Asian evolutionary lineages, respectively (Supplementary 

Figure S1), what we hypothesise here to result in a strong interspecies transmission barrier 

between the representatives of both lineages. The fact that transmission of CHV1 from C. 

parasitica to C. radicalis (from the European lineage) was also not successful by co-cultiva-

tion, although CHV1 can replicate in C. radicalis following protoplast fusion [65], addi-

tionally supports the idea of a strong vegetative rejection during hyphal contact. Similar 

circumstances apply for virus transmission experiments with C. nitschkei, which belongs 

to the Asian lineage. The transfer of chrysovirus CnCV1 from C. nitschkei to C. radicalis 
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through co-cultivation succeeded only by supportive measure, i.e., application of ZnCl2, 

used to reduce the programmed cell death as a consequence of the incompatibility reac-

tion [37]. Once the transfer succeeded, CnCV1 was found to replicate regularly in new 

host species.  

On the contrary, we assumed that closely related Cryphonectria species of the Euro-

pean lineage could support the transfer and replication of CnFGV1, even though these 

species occupy different host niches. Indeed, CnFGV1 crossed the species barrier through 

co-cultivation and was able to replicate persistently in C. carpinicola and C. radicalis. Apart 

from prior knowledge of the model species C. parasitica, nothing is known about the in-

compatibility system in other Cryphonectria spp. In the case of pairing C. naterciae with the 

phylogenetically closely related C. carpinicola or C. radicalis, it is likely that the pro-

grammed cell death proceeded in a few cases slower than the virus was transmitted. This 

is the reason that we consider the transmission to have occurred rather randomly with no 

infection from virus donor strain M10535, to one from strain M10544 and four infections 

from strain M10545.  

It has been shown that when a virus adapts to a new host, it might become better 

adapted to closely related host species [66, 67]. Here, we quantified the effect of CnFGV1 

on newly infected Cryphonenctria species based on two fungal traits: growth rate and prop-

agation by asexual spores. In C. radicalis, the mycelium morphology and growth rate of 

virus-infected isogenic strains were unaffected compared to the virus-free wild type. 

However, while formation of pycnidia and conidia was abundant, their transmission rates 

were contrasting, depending on fungal isolates. The strain M2270-14II harboured CnFGV1 

in only one spore (1/50), whereas M2270-EI and M4733-CII transmitted frequently 

CnFGV1 into conidia. An important difference between these infected strains of C. radi-

calis is the donor, from which CnFGV1 was transmitted. Thus, a possible explanation for 

this discrepancy is that M2270-14II may have been infected by a weak variant of CnFGV1. 

Interestingly, an infected strain of C. carpinicola grew significantly slower than the isogenic 

virus-free strain. Additionally, pycnidia and conidia production of infected C. carpinicola 

strains were strongly reduced. For other mycoviruses, the disruption of conidia formation 

is strongly associated with hypovirulence, e.g., CHV1 infection of C. parasitica [68], FgV-

DK21 [69] or FgV-ch9 [70] infections of Fusarium graminearum, and ChNRV1 infection of 

Colletotrichum higginsianum [71, 72]. It is worth noting here that C. carpinicola spread 

mainly through conidia [20]. In this context, viral disruption of spore production could 

significantly slow down the disease epidemic by affecting spread of the fungus. Further-

more, some strains of CnFGV1 seem to reduce vegetative growth of C. carpinicola, which 

would further enhance the hypovirulent effect of this mycovirus. This is the first report of 

a potentially biological control agent against one of the two fungal pathogens associated 

with hornbeam decline.  

5. Conclusions 

We characterized the biological and molecular features of the non-segmented dsRNA 

virus CnFGV1 that naturally infects Cryphonectria naterciae. CnFGV1 belongs to the earlier 

proposed family Fusagraviridae, and its genome possesses two ORFs: ORF1 encodes a 

protein of unknown function, and ORF2 encodes an RNA-dependent-RNA-polymerase 

(RdRp). CnFGV1 is readily transmitted vertically via asexual spores, and horizontally to 

other strains of C. naterciae via hyphal contact. CnFGV1-infected C. naterciae strains exhib-

ited reduced growth and a sectoring phenotype. Cross-species transmission of CnFGV1 

was experimentally demonstrated to the closely related Cryphonectria species C. radicalis 

and C. carpinicola. Of note, CnFGV1 showed hypovirulence-associated traits in C. carpini-

cola: reduced conidiation and, in some cases, reduced vegetative growth. To our 

knowledge, this is the first report of a fusagravirus from a species in the family 

Cryphonectriaceae. Additionally, CnFGV1 can infect other Cryphonectria species via hy-

phal contact and induces a debilitated phenotype in new host species. This finding is the 

starting point for future studies of the biology and ecology of CnFGV1, which could po-

tentially result in a novel biological control agent in the genus Cryphonectria. 
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Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: 

phylogeny of the genus Cryphonetria, Table S1: genetic markers and PCR protocols, Figure S2: spec-

ificity test of primer, Figure S3: gel electrophoresis of dsRNA extracts, Table S3: RNA-seq report, 

Figure S4: alignment of RNA-seq de novo contigs, Table S4: BLASTp report, Figure S4: maximum 

likelihood phylogeny, Table S5: genotyping Cryphonectria naterciae DNA, Figure S6: phenotypic 

traits, Figure S7: growth rates, Table S6: Fisher’s exact test.  

The following are available online at www.mdpi.com/xxx/s2, Supplementary data: genome data 

and analyses reports. 

Author Contributions: Conceptualization, C.C., N.S. and D.R.; methodology, C.C., S.H., H.B.; in-

vestigation, C.C., S.H., H.B.; resources: H.B.; data curation, C.C.; writing—original draft prepara-

tion, C.C.; writing—review and editing, C.C., N.S., D.R.; visualization, C.C.; supervision, N.S. and 

D.R.; project administration, C.C. and D.R.; funding acquisition, N.S. and D.R. All authors have read 

and agreed to the published version of the manuscript. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable.  

Data Availability Statement: Complete genome sequence of Cryphonectria naterciae fusagravirus 

1: GenBank accession MZ736512. 

Acknowledgments: Special thanks to the Joint Usage/Research Center, Institute of Plant Science 

and Resources (IPSR), Okayama University for financing a visit and research work at IPSR (to CC). 

The authors thank the Swiss National Science Foundation grant IZHRZ0_180651 (to DR), and the 

Japanese Ministry of Education, Culture, Sports, Science and Technology KAKENHI 21H05035 (to 

NS) for supporting this work, and the Genetic Diversity Centre of ETH for bioinformatic analysis 

(Stefan Zoller). Sven Ulrich, Melanie Beck, and Larissa Niklaus are thanked for technical assistance. 

Joana Henriques, Joana Neno, José Marcelino, and Lurdes Inácio are thanked for helping with iso-

lation of fungi. 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the 

design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-

script, or in the decision to publish the results. 

References 

1. Koonin, E.V.; Dolja, V.V. Metaviromics: a tectonic shift in understanding virus evolution. Virus Res. 2018, 246, A1-A3, 

doi:https://doi.org/10.1016/j.virusres.2018.02.001. 

2. Wolf, Y.I.; Silas, S.; Wang, Y.; Wu, S.; Bocek, M.; Kazlauskas, D.; Krupovic, M.; Fire, A.; Dolja, V.V.; Koonin, E.V. Doubling of 

the known set of RNA viruses by metagenomic analysis of an aquatic virome. Nature Microbiol. 2020, 5, 1262-1270, 

doi:10.1038/s41564-020-0755-4. 

3. Shi, M.; Lin, X.-D.; Tian, J.-H.; Chen, L.-J.; Chen, X.; Li, C.-X.; Qin, X.-C.; Li, J.; Cao, J.-P.; Eden, J.-S.; et al. Redefining the inver-

tebrate RNA virosphere. Nature 2016, 540, 539-543, doi:10.1038/nature20167. 

4. Kondo, H.; Hisano, S.; Chiba, S.; Maruyama, K.; Andika, I.B.; Toyoda, K.; Fujimori, F.; Suzuki, N. Sequence and phylogenetic 

analyses of novel totivirus-like double-stranded RNAs from field-collected powdery mildew fungi. Virus Res. 2016, 213, 353-

364, doi:https://doi.org/10.1016/j.virusres.2015.11.015. 

5. Kondo, H.; Fujita, M.; Hisano, H.; Hyodo, K.; Andika, I.B.; Suzuki, N. Virome Analysis of aphid populations that infest the 

barley field: the discovery of two novel groups of Nege/Kita-like viruses and other novel RNA viruses. Front. Microbiol. 2020, 

11, 509. 

6. Roossinck, M.J.; Bazán, E.R. Symbiosis: viruses as intimate partners. Ann. Rev. Virology 2017, 4, 123-139, doi:10.1146/annurev-

virology-110615-042323. 

7. Ali, A. Chapter 17 - Fungal viruses: an unlikely ally. In Applied Plant Virology, Awasthi, L.P., Ed.; Academic Press: 2020; pp. 229-

236. 

8. Myers, J.M.; Bonds, A.E.; Clemons, R.A.; Thapa, N.A.; Simmons, D.R.; Carter-House, D.; Ortanez, J.; Liu, P.; Miralles-Durán, A.; 

Desirò, A.; et al. Survey of early-diverging lineages of fungi reveals abundant and diverse mycoviruses. mBio 2020, 11, e02027-

02020, doi:10.1128/mBio.02027-20. 

9. Marzano, S.-Y.L.; Nelson, B.D.; Ajayi-Oyetunde, O.; Bradley, C.A.; Hughes, T.J.; Hartman, G.L.; Eastburn, D.M.; Domier, L.L. 

Identification of diverse mycoviruses through metatranscriptomics characterization of the viromes of five major fungal plant 

pathogens. J. Virol. 2016, 90, 6846, doi:10.1128/JVI.00357-16. 

10. He, H.; Chen, X.; Li, P.; Qiu, D.; Guo, L. Complete genome sequence of a Fusarium graminearum double-stranded RNA virus in 

a newly proposed Family, Alternaviridae. Genome Announcements 6, e00064-00018, doi:10.1128/genomeA.00064-18. 

11. Liu, R.; Cheng, J.; Fu, Y.; Jiang, D.; Xie, J. Molecular characterization of a novel positive-sense, single-stranded RNA mycovirus 

infecting the plant pathogenic fungus Sclerotinia sclerotiorum. Viruses 2015, 7, doi:10.3390/v7052470. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 September 2021                   doi:10.20944/preprints202109.0325.v1

https://doi.org/10.20944/preprints202109.0325.v1


 

12. Li, K.; Zheng, D.; Cheng, J.; Chen, T.; Fu, Y.; Jiang, D.; Xie, J. Characterization of a novel Sclerotinia sclerotiorum RNA virus as 

the prototype of a new proposed family within the order Tymovirales. Virus Res. 2016, 219, 92-99, doi:https://doi.org/10.1016/j.vi-

rusres.2015.11.019. 

13. Wang, L.; Zhang, J.; Zhang, H.; Qiu, D.; Guo, L. Two novel relative double-stranded RNA mycoviruses infecting Fusarium poae 

strain SX63. Int. J. Mol. Sci. 2016, 17, 2470-2484, doi:10.3390/ijms17050641. 

14. Wolf, Y.I.; Kazlauskas, D.; Iranzo, J.; Lucía-Sanz, A.; Kuhn, J.H.; Krupovic, M.; Dolja, V.V.; Koonin, E.V. Origins and evolution 

of the global RNA virome. mBio 2018, 9, e02329-02318, doi:10.1128/mBio.02329-18. 

15. Yu, X.; Li, B.; Fu, Y.; Jiang, D.; Ghabrial, S.A.; Li, G.; Peng, Y.; Xie, J.; Cheng, J.; Huang, J.; et al. A geminivirus-related DNA 

mycovirus that confers hypovirulence to a plant pathogenic fungus. P. Natl. Acad. Sci. 2010, 107, 8387, 

doi:10.1073/pnas.0913535107. 

16. Li, P.; Wang, S.; Zhang, L.; Qiu, D.; Zhou, X.; Guo, L. A tripartite ssDNA mycovirus from a plant pathogenic fungus is infectious 

as cloned DNA and purified virions. Science Advances 2020, 6, eaay9634, doi:10.1126/sciadv.aay9634. 

17. Feng, C.; Feng, J.; Wang, Z.; Pedersen, C.; Wang, X.; Saleem, H.; Domier, L.; Marzano Shin-Yi, L.; Simon Anne, E. Identification 

of the viral determinant of hypovirulence and host range in Sclerotiniaceae of a genomovirus reconstructed from the plant 

metagenome. J. Virol. 95, e00264-00221, doi:10.1128/JVI.00264-21. 

18. Gryzenhout, M.; Wingfield, B.D.; Wingfield, M.J. Taxonomy, phylogeny, and ecology of bark-inhabiting and tree-pathogenic fungi in 

the Cryphonectriaceae; American Phytopathological Society (APS Press): St. Paul, Minnesota, U.S.A., 2009; p. xii + 119 pp. 

19. Jiang, N.; Fan, X.; Tian, C.; Crous, P.W. Reevaluating Cryphonectriaceae and allied families in Diaporthales. Mycologia 2020, 

112, 267-292, doi:10.1080/00275514.2019.1698925. 

20. Cornejo, C.; Hauser, A.; Beenken, L.; Cech, T.; Rigling, D. Cryphonectria carpinicola sp. nov. associated with hornbeam decline in 

Europe. Fungal Biol. 2021, 125, 347-356, doi:https://doi.org/10.1016/j.funbio.2020.11.012. 

21. Bragança, H.; Rigling, D.; Diogo, E.; Capelo, J.; Phillips, A.; Tenreiro, R. Cryphonectria naterciae: a new species in the 

Cryphonectria–Endothia complex and diagnostic molecular markers based on microsatellite-primed PCR. Fungal Biol. 2011, 115, 

852-861, doi:https://doi.org/10.1016/j.funbio.2011.06.014. 

22. Smahi, H.; Belhoucine-Guezouli, L.; Bouhraoua, R.T.; Franceschini, A.; Linaldeddu, B.T. First report of branch canker and die-

back caused by Cryphonectria naterciae on Quercus suber in Algeria. Plant Dis. 2017, 102, 251-251, doi:10.1094/PDIS-07-17-1130-

PDN. 

23. Heiniger, U.; Rigling, D. Biological control of chestnut blight in Europe. Annu. Rev. Phytopathol.  1994, 32, 581-599, 

doi:10.1146/annurev.py.32.090194.003053. 

24. Prospero, S.; Rigling, D. Chestnut blight. In Infectious Forest Diseases, Gonthier, P., Nicolotti, G., Eds.; CABI International Wall-

ingford, Oxfordshire, UK, 2013; pp. 318-339. 

25. Shapira, R.; Choi, G.H.; Nuss, D.L. Virus-like genetic organization and expression strategy for a double-stranded RNA genetic 

element associated with biological control of chestnut blight. EMBO J. 1991, 10, 731-739, doi:https://doi.org/10.1002/j.1460-

2075.1991.tb08004.x. 

26. Choi, G.H.; Shapira, R.; Nuss, D.L. Cotranslational autoproteolysis involved in gene expression from a double-stranded RNA 

genetic element associated with hypovirulence of the chestnut blight fungus. P. Natl. Acad. Sci. 1991, 88, 1167, 

doi:10.1073/pnas.88.4.1167. 

27. Ghabrial, S.A.; Suzuki, N. Viruses of plant pathogenic fungi. Annu. Rev. Phytopathol. 2009, 47, 353-384, doi:10.1146/annurev-

phyto-080508-081932. 

28. Rigling, D.; Prospero, S. Cryphonectria parasitica, the causal agent of chestnut blight: invasion history, population biology and 

disease control. Mol. Plant Pathol. 2018, 19, 7-20, doi:doi:10.1111/mpp.12542. 

29. Kim, H.N.; Jin, H.Y.; Kwak, M.J.; Khaine, I.; You, H.N.; Lee, T.Y.; Ahn, T.H.; Woo, S.Y. Why does Quercus suber species decline 

in Mediterranean areas? J. Asia-Pacific Biodiver. 2017, 10, 337-341, doi:https://doi.org/10.1016/j.japb.2017.05.004. 

30. Ghabrial, S.A.; Castón, J.R.; Jiang, D.; Nibert, M.L.; Suzuki, N. 50-plus years of fungal viruses. Virology 2015, 479-480, 356-368, 

doi:https://doi.org/10.1016/j.virol.2015.02.034. 

31. Choi, G.H.; Dawe, A.L.; Churbanov, A.; Smith, M.L.; Milgroom, M.G.; Nuss, D.L. Molecular characterization of vegetative in-

compatibility genes that restrict hypovirus transmission in the chestnut blight fungus Cryphonectria parasitica. Genetics 2012, 190, 

113-127. 

32. Zhang, D.-X.; Spiering, M.J.; Dawe, A.L.; Nuss, D.L. Vegetative incompatibility loci with dedicated roles in allorecognition re-

strict mycovirus transmission in chestnut blight fungus. Genetics 2014, 197, 701-714. 

33. Paoletti, M. Vegetative incompatibility in fungi: from recognition to cell death, whatever does the trick. Fungal Biol. Rev. 2016, 

30, 152-162, doi:https://doi.org/10.1016/j.fbr.2016.08.002. 

34. Biella, S.; Smith, M.L.; Aist, J.R.; Cortesi, P.; Milgroom, M.G. Programmed cell death correlates with virus transmission in a 

filamentous fungus. P. Roy. Soc. Lond. B Bio. 2002, 269, 2269. 

35. Liu, Y.C.; Linder-Basso, D.; Hillman, B.I.; Kaneko, S.; Milgroom, M.G. Evidence for interspecies transmission of viruses in nat-

ural populations of filamentous fungi in the genus Cryphonectria. Mol. Ecol. 2003, 12, 1619-1628, doi:10.1046/j.1365-

294X.2003.01847.x. 

36. Liu, Y.-C.; Dynek, J.N.; Hillman, B.I.; Milgroom, M.G. Diversity of viruses in Cryphonectria parasitica and C. nitschkei in Japan 

and China, and partial characterization of a new chrysovirus species. Mycol. Res. 2007, 111, 433-442, 

doi:https://doi.org/10.1016/j.mycres.2006.12.006. 

37. Shahi, S.; Chiba, S.; Kondo, H.; Suzuki, N. Cryphonectria nitschkei chrysovirus 1 with unique molecular features and a very 

narrow host range. Virology 2021, 554, 55-65, doi:https://doi.org/10.1016/j.virol.2020.11.011. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 September 2021                   doi:10.20944/preprints202109.0325.v1

https://doi.org/10.20944/preprints202109.0325.v1


 

38. Stauber, L.; Prospero, S.; Croll, D.; Mitchell Aaron, P. Comparative genomics analyses of lifestyle transitions at the origin of an 

invasive fungal pathogen in the genus Cryphonectria. mSphere 2020, 5, e00737-00720, doi:10.1128/mSphere.00737-20. 

39. Grabherr, M.G.; Haas, B.J.; Yassour, M.; Levin, J.Z.; Thompson, D.A.; Amit, I.; Adiconis, X.; Fan, L.; Raychowdhury, R.; Zeng, 

Q.; et al. Full-length transcriptome assembly from RNA-Seq data without a reference genome. Nat. biotechnol. 2011, 29, 644-652, 

doi:10.1038/nbt.1883. 

40. Dennert, F.; Rigling, D.; Meyer, J.B.; Schefer, C.; Augustiny, E.; Prospero, S. Testing the pathogenic potential of Cryphonectria 

parasitica and related species on three common European Fagaceae. Front. Forests Global Change 2020, 3, 

doi:10.3389/ffgc.2020.00052. 

41. Hoegger, P.J.; Rigling, D.; Holdenrieder, O.; Heiniger, U. Genetic structure of newly established populations of Cryphonectria 

parasitica. Mycological Res. 2000, 104, 1108-1116. 

42. Hoegger, P.J.; Rigling, D.; Holdenrieder, O.; Heiniger, U. Cryphonectria radicalis: rediscovery of a lost fungus. Mycologia 2002, 94, 

105-115, doi:10.1080/15572536.2003.11833253. 

43. Carbone, I.; Kohn, L.M. A method for designing primer sets for speciation studies in filamentous ascomycetes. Mycologia 1999, 

91, 553-556, doi:10.1080/00275514.1999.12061051. 

44. Urayama, S.-i.; Katoh, Y.; Fukuhara, T.; Arie, T.; Moriyama, H.; Teraoka, T. Rapid detection of Magnaporthe oryzae chrysovirus 

1-A from fungal colonies on agar plates and lesions of rice blast. J. Gen. Plant Pathol. 2015, 81, 97-102, doi:10.1007/s10327-014-

0567-6. 

45. Suzuki, N.; Supyani, S.; Maruyama, K.; Hillman, B.I. Complete genome sequence of Mycoreovirus-1/Cp9B21, a member of a 

novel genus within the family Reoviridae, isolated from the chestnut blight fungus Cryphonectria parasitica. J. Gen. Virol. 2004, 

85, 3437-3448, doi:https://doi.org/10.1099/vir.0.80293-0. 

46. Lefort, V.; Longueville, J.-E.; Gascuel, O. SMS: Smart Model Selection in PhyML. Mol. Biol. Evol. 2017, 34, 2422-2424, 

doi:10.1093/molbev/msx149. 

47. Guindon, S.; Gascuel, O. A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood. Syst. 

Biol. 2003, 52, 696-704, doi:10.1080/10635150390235520. 

48. Guindon, S.; Dufayard, J.-F.; Lefort, V.; Anisimova, M.; Hordijk, W.; Gascuel, O. New algorithms and methods to estimate 

maximum-likelihood phylogenies: assessing the performance of PhyML 3.0. Syst. Biol. 2010, 59, 307-321, doi:10.1093/sys-

bio/syq010. 

49. Huson, D.H. SplitsTree: analyzing and visualizing evolutionary data. Bioinformatics 1998, 14, 68-73, doi:10.1093/bioinformat-

ics/14.1.68. 

50. Schoebel, C.N.; Brodbeck, S.; Buehler, D.; Cornejo, C.; Gajurel, J.; Hartikainen, H.; Keller, D.; Leys, M.; Říčanová, Š.; Segelbacher, 

G.; et al. Lessons learned from microsatellite development for nonmodel organisms using 454 pyrosequencing. J. Evol. Biol. 2013, 

26, 600-611, doi:https://doi.org/10.1111/jeb.12077. 

51. Stauber, L.; Badet, T.; Feurtey, A.; Prospero, S.; Croll, D. Emergence and diversification of a highly invasive chestnut pathogen 

lineage across southeastern Europe. eLife 2021, 10, e56279, doi:10.7554/eLife.56279. 

52. Faircloth, B.C. msatcommander: detection of microsatellite repeat arrays and automated, locus-specific primer design. Mol. Ecol. 

Res. 2008, 8, 92-94, doi:https://doi.org/10.1111/j.1471-8286.2007.01884.x. 

53. Schuelke, M. An economic method for the fluorescent labeling of PCR fragments. Nat. Biotechnol. 2000, 18, 233-234, 

doi:10.1038/72708. 

54. White, T.J.; Bruns, T.; Lee, S.; Taylor, J.W. Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenet-

ics. In PCR protocols: A guide to methods and applications., Innis, M.A., Gelfand, D.H., Sninsky, J.J., White, T.J., Eds.; Academic 

Press, Inc.: New York, 1990. 

55. Zhang, T.; Zeng, X.; Cai, X.; Liu, H.; Zeng, Z. Molecular characterization of a novel double-stranded RNA mycovirus of Tricho-

derma asperellum strain JLM45-3. Archives of Virology 2018, 163, 3433-3437, doi:10.1007/s00705-018-3988-2. 

56. Wang, J.; Ni, Y.; Liu, X.; Zhao, H.; Xiao, Y.; Xiao, X.; Li, S.; Liu, H. Divergent RNA viruses in Macrophomina phaseolina exhibit 

potential as virocontrol agents. Virus Evol. 2021, 7, doi:10.1093/ve/veaa095. 

57. Zhai, L.; Zhang, M.; Hong, N.; Xiao, F.; Fu, M.; Xiang, J.; Wang, G. Identification and characterization of a novel hepta-seg-

mented dsRNA virus from the phytopathogenic fungus Colletotrichum fructicola. Front. Microbiol. 2018, 9, 754, 

doi:10.3389/fmicb.2018.00754. 

58. Marvelli, R.A.; Hobbs, H.A.; Li, S.; McCoppin, N.K.; Domier, L.L.; Hartman, G.L.; Eastburn, D.M. Identification of novel double-

stranded RNA mycoviruses of Fusarium virguliforme and evidence of their effects on virulence. Arch. Virol. 2014, 159, 349-352, 

doi:10.1007/s00705-013-1760-1. 

59. Chun, J.; Na, B.; Kim, D.-H. Characterization of a novel dsRNA mycovirus of Trichoderma atroviride NFCF377 reveals a member 

of “Fusagraviridae” with changes in antifungal activity of the host fungus. J. Microbiol. 2020, 58, 1046-1053, doi:10.1007/s12275-

020-0380-1. 

60. Williams, S.H.; Levy, A.; Yates, R.A.; Somaweera, N.; Neville, P.J.; Nicholson, J.; Lindsay, M.D.A.; Mackenzie, J.S.; Jain, K.; Imrie, 

A.; et al. The diversity and distribution of viruses associated with Culex annulirostris mosquitoes from the Kimberley Region of 

Western Australia. Viruses 2020, 12, doi:10.3390/v12070717. 

61. Arjona-Lopez, J.M.; Telengech, P.; Jamal, A.; Hisano, S.; Kondo, H.; Yelin, M.D.; Arjona-Girona, I.; Kanematsu, S.; Lopez-Her-

rera, C.J.; Suzuki, N. Novel, diverse RNA viruses from Mediterranean isolates of the phytopathogenic fungus, Rosellinia necatrix: 

insights into evolutionary biology of fungal viruses. Environ. Microbiol. 2018, 20, 1464-1483, doi:10.1111/1462-2920.14065. 

62. Kotta-Loizou, I.; Coutts, R.H.A. Studies on the virome of the entomopathogenic fungus Beauveria bassiana reveal novel dsRNA 

elements and mild hypervirulence. PLoS Path. 2017, 13, e1006183, doi:10.1371/journal.ppat.1006183. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 September 2021                   doi:10.20944/preprints202109.0325.v1

https://doi.org/10.20944/preprints202109.0325.v1


 

63. Mahillon, M.; Decroës, A.; Caulier, S.; Tiendrebeogo, A.; Legrève, A.; Bragard, C. Genomic and biological characterization of a 

novel partitivirus infecting Fusarium equiseti. Virus Res. 2021, 297, 198386, doi:https://doi.org/10.1016/j.virusres.2021.198386. 

64. Márquez, L.M.; Redman, R.S.; Rodriguez, R.J.; Roossinck, M.J. A virus in a fungus in a plant: three-way symbiosis required for 

thermal tolerance. Science 2007, 315, 513, doi:10.1126/science.1136237. 

65. Chen, B.; Choi, G.H.; Nuss, D.L. Attenuation of fungal virulence by synthetic infectious hypovirus transcripts. Science 1994, 264, 

1762-1764, doi:10.1126/science.8209256. 

66. Longdon, B.; Day, J.P.; Alves, J.M.; Smith, S.C.L.; Houslay, T.M.; McGonigle, J.E.; Tagliaferri, L.; Jiggins, F.M. Host shifts result 

in parallel genetic changes when viruses evolve in closely related species. PLoS Path. 2018, 14, e1006951, doi:10.1371/jour-

nal.ppat.1006951. 

67. McLeish, M.J.; Fraile, A.; García-Arenal, F. Evolution of plant–virus interactions: host range and virus emergence. Curr. Opin. 

Virol. 2019, 34, 50-55, 

68. Rigling, D.; Robin, C.; Prospero, S. Mycovirus-mediated biological control. In Encyclopedia of Virology (Fourth Edition), Bamford, 

D.H., Zuckerman, M., Eds.; Academic Press: Oxford, 2021; pp. 468-477. 

69. Kwon, S.-J.; Lim, W.-S.; Park, S.-H.; Park, M.-R.; Kim, K.-H. Molecular characterization of a dsRNA mycovirus, Fusarium gra-

minearum Virus-DK21, which is phylogenetically related to hypoviruses but has a genome organization and gene expression 

strategy resembling those of plant potex-like viruses. Mol. Cells 2009, 28, 73-74, doi:10.1007/s10059-009-0112-1. 

70. Darissa, O.; Adam, G.; Schäfer, W. A dsRNA mycovirus causes hypovirulence of Fusarium graminearum to wheat and maize. 

Eur. J. Plant Pathol. 2012, 134, 181-189, doi:10.1007/s10658-012-9977-5. 

71. Campo, S.; Gilbert, K.B.; Carrington, J.C. Small RNA-based antiviral defense in the phytopathogenic fungus Colletotrichum hig-

ginsianum. PLoS Path. 2016, 12, e1005640, doi:10.1371/journal.ppat.1005640. 

72. Olivé, M.; Campo, S. The dsRNA mycovirus ChNRV1 causes mild hypervirulence in the fungal phytopathogen Colletotrichum 

higginsianum. Archives Microbiol. 2021, 203, 241-249, doi:10.1007/s00203-020-02030-7. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 September 2021                   doi:10.20944/preprints202109.0325.v1

https://doi.org/10.20944/preprints202109.0325.v1

